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ABSTRACT 

Polyblends  of  poly (styrene-b-butadiene-b-styrene)  and  poly- 
styrene were  cast  from  tetrahydrofuran/methyl  ethyl  ketone  mixture 
using  a spin  caster.  These  samples  were  found  to  undergo  "strain- 
induced  plastic-rubber  transition"  upon  deformation.  Infrared 
dichroism  and  birefringence  studies  both  indicate  the  high  orienta- 
tion of  the  polybutadiene  chains,  but  not  of  the  polystyrene  chains 
Thus  most  of  the  deformation  after  the  "transition"  has  taken  place 
is  due  to  the  rubbery  domains.  Scanning  electron  micrographs  show 
some  surface  fracture  upon  stretching  for  tliose  samples  containing 
high  polystyrene  content.  Smail  angle  x-ray  scattering  results 
reveal  that  the  morphology  in  the  three  coordinate  direitions  was 
different.  Upon  stretching,  the  polystyrene  domains  may  have 
broken  up  into  smaller  sub-domains,  which  could  be  responsible  for 
the  observed  plastic-rubber  transition.  Furthermore,  there  was  a 
decrease  in  the  total  scattering  intensity  for  the  stretched  sam- 
ples, indicating  a change  in  the  mean  square  fluctuation  of  elec- 
tron density  of  the  stretched  sample.  The  small  angle  light  scat- 
tering patterns  appear  to  be  consi;,tent  with  the  above  proposed 
interpret  It  ions . 

* Jot  Propulsion  Laboratory,  4800  Oak  Crovc  Drive 
I’asadena,  California  91101 


INTRODUCTION 


Polymer  blends  in  general  have  synergetic  properties  which  the 
individual  homopolymers  do  not  have.  High  Impact  polystyrene  and 
ABS  block  copolymers  are  excellent  examples.  Because  polymers  are 
generally  found  to  be  incompatible  as  a consequence  of  positive 
free  energy  of  mixing,  most  polymer  blends  exhibit  phase  separation 
(1-3).  Blends  of  incompatible  homopolynier  do  not  liave  good  mechan- 
ical properties  because  of  the  lack  of  sufficient  adhesion  between 
the  different  phases  (4-6) . An  alternate  process  to  improve 
adhesion  between  different  phases  in  a blend  is  to  add  a graft 
copolymer  or  block  copolymer.  It  was  found  that  the  use  of  these 
copolymers  as  additives  in  homopolymer  blends  greatly  improve  the 
mechanical  properties  of  the  blends  (4-9).  The  morphology  and 
mechanical  properties  of  these  blends  have  been  studied  by  a number 
of  workers  (10-17). 

Upon  deformation  block  copolymers  and  blends  of  copolymer  and 
homopolymer  often  exhibit  strc.ss  softening  (lS-20).  Furthermore 
the  deformed  samples  demonstrate  a tiealing  effect  in  that,  upon 
removal  of  stress,  properties  of  the  original  undoformed  sample  ire 
restored  (18,20).  For  example,  when  a sample  of  tlie  blend  of 
poly (styrene-b-butadiene-b-styrene)  and  polystyrene  is  strained 
beyond  the  yield  point,  it  becomes  rubbery  and  exhibits  high 
elasticity  rather  than  irreversible  drawing  (20).  The  stress- 
softening effect  in  pure  block  copolymer  h.is  prev  uie.sl  y been  attri- 
buted to  the  breaking  up  ot  some  sort  of  rigid  stru  lures  (18.21, 

22)  and  the  healing  effect  to  the  reformation  of  the  original 
domain  structures  (18).  Inoue  ct  al.,  (15),  on  th'"-  otlier  hand, 
found  that  in  the  blends  of  poly (styrene-b-isoprene)  with  poly- 
styrene, the  sample  underwent  yielding  upon  stretching.  In  this 
work,  a rheo-optical  investigation  of  the  strain-induced  plastic- 
rubber  transition  is  presented  in  an  effort  to  further  elucidate 
the  mechanism  of  this  interesting  phenomenon. 

EXPERIMENTAL 

Poly (styrene-b-butad iene-b-styrene)  block  copolymer  (SBS), 
designated  as  Kraton  1101,  wa.s  received  from  Shell  Chemical  Company. 
The  copolymer  contains  28%  polystyrene  and  72%  polybutadiene.  The 
weight  average  molecular  weight  of  the  copolymer  is  8^,000  and  the 
polydispersity  index  Is  1.21.  The  styrene  blocks  of  the  copolymer 
have  a number  average  molecular  weight  of  13,300.  The  polybuta- 
diene (PB)  blocks  have  46%  trans-1,4,  46%  cis-1,4  and  8%  vinyl 
structures.  Polystyrene  (PS)  was  supplied  by  Po lyse i >'nces , Tnc., 
and  has  a number  average  molecular  weight  of  41,000  and  poly- 
dispersity index  of  2.32. 

Samples  of  the  block  copolymer  and  its  blends  with  PS  were 
cast  in  the  form  of  sheets  from  10%  solution  o'”  tut  t .ihvdrofur.iu 
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and  methyl  ethyl  ketone  mixture  (90/10  in  volume  ratio).  A spin 
caster  was  used  for  casting.  The  cast  films  were  heated  vacuo 
at  60°C  until  constant  weight  was  reached,  indicating  that  the 
residual  solvent  had  been  removed. 


Small  angle  x-ray  scattering  (SAXS)  measurements  were  made 
with  a Kratky  small  angle  x-ray  camera  equipped  with  a Kratky- 
Siemans  x-ray  tube  operated  at  40  Kv  and  20  inA.  The  intensity 
was  measured  with  a proportional  detector  in  conjunction  with  a 
pulse-height  analyzer.  Slit  collimation  was  used  and  no  desmearing 
corrections  were  made  for  the  data  presented.  The  resolution  of 
the  apparatus  was  set  at  1800  A . Small  angle  light  scattering 
patterns  were  recorded  on  polaroid  films  using  a lle-Ne  laser 
(Spectra-Physics)  as  light  source.  Scanning  electron  micrographs 
were  obtained  on  an  ETEC  scanning  electron  microscope. 

Infrared  dichroism  measurements  were  carried  out  using  a 
Perkin-Elmer  Model  180  Infrared  Spectrophotometer  equipped  with 
a Perkin-Elmer  silver  bromide  gold  wire  grid  polarizer.  A 
stretching  device  capable  of  extending  both  ends  of  tlie  film 
simultaneously  was  used,  thus  the  same  part  of  the  film  remained 
in  the  beam  at  all  elongations.  Birefringence  measurements  were 
made  with  a Babinet  compensator  equipped  with  a mercury  lamp  as 
light  source. 


RESULTS  AND  DISCUSSION 


Infrared  Dichroi sm  and  Biref r ingence 


The  SBS  and  its  blends  with  10%,  20%,  30%  and  40%  PS  all 
showed  similar  dichroic  ratio  vs.  elongation  relationships,  there- 
fore only  the  results  for  the  SBS  and  its  blend  with  20%  PS  will 
be  presented.  The  assignments  of  the  absorption  bands  chosen  for 
this  study  are  summarized  in  Table  1.  Since  almost  all  absorption 
bands  associated  with  PS  displayed  negligible  dichroism,  only  the 
results  from  two  bands  will  be  given. 

The  orientation  of  the  transition  moment  with  respect  to  the 
sample  stretching  direction  may  be  given  as  (27): 


= P A 

M D 2 


(1) 


where  the  dichroic  ratio  D = A^^/Aj^;  A^^  and  Aj^  are  absorbance  with 

the  incident  infrared  beam  polarized  parallel  and  perpendicular 
to  the  stretching  direction,  respectively.  fj^j  can  be  used  to 
estimate  the  orientation  of  chain  axis  of  tlie  molecule  provided 
the  angle  between  the  chain  axis  and  the  transition  moment  is 
known  (27).  In  the  present  case,  however,  this  information  is  not 


i 


i 

i 


Table  1. 


Assignments  of  IR  Absorption  Bands 


Frequency  (cm  ) 


Assignment 


1602,  1493  The  C=C  skeletal  in-phase  vibration 

of  the  aromatic  ring  in  polystyrene 
(23,24) 


1410 

1310 

1243 


CII2  in-phase  deformation  of  (23) 

or  CH  in-plane  bending  of  cis  -CH“CH-  (25) 

CH  bending  of  cis  1,4  po 1 yhutad  iene  (26) 

Associated  with  polybutadiene  (25) 


available.  Thus  we  will  use  fj.j  as  a qualitative  indication  of 
molecular  orientation. 


Figs.  1 and  2 show  fj^  as  a function  of  elongation  for  the 
SBS  and  its  blend  with  20%  PS.  One  may  note  that  value  for  fjj  for 
the  absorption  bands  1602  cm~^  and  1493  cm“^  (and  other  bands  not 
shown)  associated  with  vibration  in  PS  chains  are  negligible. 
Although  in  this  case  the  angle  between  the  transition  moment  and 
the  chain  axis  is  close  to  54.7°,  the  value  ot  t\)  is  always  very 
small  even  if  the  molecules  have  very  hig.h  orient  at  ion  (27). 
However,  since  in  the  present  case  the  values  of  f\|  for  all  the 
absorption  bands  associated  with  PS  are  very  small,  it  may  be 
reasonable  to  conclude  that  PS  chains  have  negligible  orientation. 
On  the  other  hand,  the  absorption  bands  associated  with  the 
vibration  of  PB  chains  have  noticeable  orientation.  The  values 
of  fj,j  for  different  absorption  bands  are  different,  because  the 
angle  between  the  transition  moment  and  the  chain  axis  for  each 
chain  may  be  different.  Furthermore,  it  has  been  shown  theore- 
tically (28,29)  and  experimentally  (30)  that  the  orientations  of 
chain  segments  in  the  amorphous  regions  are  conformation-dependent. 
The  chain  segments  of  different  conformations  in  the  same  parent 
chain  may  have  different  orientation. 

Fig.  3 shows  the  birefringence  of  the  SBS  and  the  blend  with 
20%  PS  as  a function  of  elongation.  The  samples  have  positive 
birefringences  at  all  elongations.  This  is  in  contrast  to  the 
case  of  poly (sty rene-b-isoprene)  in  which  the  birefringence 
measured  in  the  necked  regions  was  reported  to  be  negative  due  to 
the  orientation  of  PS  (15). 

The  birefringence  of  a heterophase  copolymer  may  he  expressed 
in  tlie  form  (31) 
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Figure  1.  Orientation  functions  of  transition  moment 
of  various  infrared  absorption  hands  of 
polybutadicnc"  and  polystyrene  components  in  SBS. 


Figure  2.  Orientation  function  of  transition  moment 
of  various  Infrared  absorption  hands  of 
polybutadine  and  polystyrene  components  in 
blend  of  SBS/20%  I’.S 


5. 


figure  3.  Birefringence  vs.  elongation  for  the 
SBS  (0)  and  SBS/20%  PS  (■) 


‘ ■ ♦bS-’b  ♦sS“s  + 

where  S and  B designate  PS  phase  and  PB  phase  separately,  and 
and  <(>g  are  volume  fraction,  Cg  and  Cg  arc  stress-optical  co- 
efficients and  Og  and  Og  are  stresses.  Af  is  form  birefringence. 
The  value  of  form  birefringence  for  a SBS  block  copolymer  (20% 
styrene  content)  with  the  PS  domains  forming  perfectly  oriented 
rod  structure  was  estimated  to  be  on  the  order  of  5><10~^  (32)  . In 
our  case,  the  unstretched  samples  had  negligible  birefringence, 
indicating  a negligible  form  birefringence.  .^s  the  samples  are 
stretched,  the  value  of  form  birefringence  may  increase  as  a 
result  of  orientation  of  the  optic  axis  of  the  don.iitis.  However, 
the  value  of  the  form  birefringence  is  not  expected  to  exceed 
5xi0~^  because  the  domains  cannot  achieve  a high  degree  of  orien- 
tation. It  is  more  likely  that  Aj  is  very  small  in  the  stretclied 
samples  because  electron  micrographs  did  not  show  any  appreciable 
orientation  of  the  PS  domains  upon  stretching  (33).  The  value  of 
Cg  was  estimated  to  be  -5.2x10^  Brewsters  if  PS  is  in  tlie  rubbery 
state  and  10.2  Brewsters  if  it  is  in  the  glassy  state  (19),  while 
Cg  was  estimated  to  be  3.1xlo3  Brewsters  from  the  following 
equat  ions  (31) 


X C + X C^ 
c c t t 


(3) 


IF 
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where  X^.  and  Xj-  are  the  mole  fractions  of  the  cis  and  trans 
isomers  in  PB  and  C^,  = 2700  Brewsters  and  Cj-  = 4100  Brewsters  (15) 
are  the  respective  stress  optical  coefficients.  Tlie  contribution 
rom  the  vinyl  component  is  neglected. 

Since  significantly  high  values  of  positive  birefringence 
were  observed  for  the  SBS  and  its  blends  after  yield  point,  it 
seems  to  indicate  that  no  appreciable  orientation  of  PS  cliains  has 
occurred.  Otherwise  one  may  expect  the  birefringence  to  be 
negative,  as  in  the  case  of  poly (styrene-b-isoprene)  (15)  , because 
of  the  high  negative  value  of  Cg  and  the  high  value  of  Og  in  com- 
parison with  those  of  Cg  and  Og.  This  evidence  seems  to  support 
the  conclusion  derived  from  infrared  dichroism  data  discussed 
earlier. 

From  previous  electron  micrograph  studies  of  SBS  and  its 
blends  (11) , the  unstretched  samples  had  a morphology  of  inter- 
connecting PS  domains  and  PB  domains.  The  fact  that  PB  chains 
were  oriented  while  PS  chains  showed  no  orientation  after  yield 
point  indicates  that  the  continuity  of  polystyrene  domains  was 
disrupted  to  give  smaller  PS  domains  imbedded  in  polybiitadiene 
matrix.  Thus  the  PB  phase  must  bear  the  bulk  of  the  strain,  re- 
sulting in  chain  orientation. 

Small  Angle  X-Ray  Scattering 

The  geometry  of  the  SAXS  scan  is  shown  in  Fig.  4,  wliere  the 
direction  1 is  normal  to  the  film  surface,  the  direction  2 is 
parallel  to  the  spin  direction  and  the  direction  3 perpendicular 
to  both  1 and  2.  The  scattering  profiles  of  the  blend  with  20%  PS 
are  shown  in  Fig.  5a  for  the  unstretched  sample,  and  in  Fig.  5b 
for  the  stretched  sample.  The  scattering  profiles  of  tlie  pure  SBS 
are  similar  except  for  the  different  peak  positions. 

As  can  be  seen  from  Fig.  5a,  the  scattering  patterns  are  not 
the  same  in  different  directions.  Indicating  an  anisotropic  mor- 
phology. This  anisotropy  may  be  a result  of  the  relatively  rapid 
rate  of  evaporation  of  the  solvent  in  spin  casting.  it  has  been 
reported  that  the  rate  of  evaporation  of  the  solvent  will  greatly 
affect  the  morphology  of  the  sample  (34). 

The  unstretched  sample  shows  a rather  sharp  scattering  peak 
with  the  incident  beam  along  the  direction  1 (Fig.  5a) . Tiie  same 
is  true  for  SBS.  These  results  indicate  ttiat  the  domains  tiave 
higher  regularity  In  the  direction  normal  to  the  sample  surface. 
There  is  a very  intense  scattering  at  lower  angles  wlien  tlie  inci- 
dent beam  is  along  the  2 direction  (curve  2 of  Fig.  5a),  whicli 
appears  to  arise  from  total  reflection,  as  shown  in  Fig.  b in  which 
the  scattering  profiles  are  seen  to  be  dependent  on  the  tilt  .angle. 


Figure  5.  SAXS  profiles  for  the  blend  of  SBS/20%  PS.  (a)  Sample 
unstretclied . (b)  Sample  was  stretched  until  the 

pl.ast ic-rubber  transition  completed.  The  stress 
was  then  released.  Tlie  residual  strain  was  less 
than  20%.  Cairves  1,  2 and  1 correspond  to  scanning 
geometry  shown  in  Fig.  A. 
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The  unstretched  sample  of  the  specimen  in  the  beam  also  has  weak 
second  order  scattering  maxima  in  all  three  scattering  profiles 
while  the  blond  with  20%  PS  has  second  order  scattering  only  when 
the  incident  beam  is  along  the  1 direction. 


Scattering  Angle  (deg) 


Figure  6.  Scattering  profiles  of  curve  2 in  Fig.  5 
with  sample  tilted  at  various  angles. 

Because  the  sample  holder  of  the  SAXS  apparatus  was  not  cap- 
able of  holding  an  extended  sample,  the  sample  was  first  stretched 
until  the  plastic-rubber  transformation  was  completed  and  then 
released.  The  residual  strain  was  less  than  20%.  The  scattering 
profiles  show  drastic  ch.mges,  as  shown  in  Fig.  5b.  The  scattering 
profiles  become  more  diffuse  .ind  the  first  order  sc.ittvring  ma.xima 
are  shifted  to  higher  angler.  However,  the  second  order  scattering 
maxima  (not  shown)  are  not  present  in  the  stretched  sample. 

While  it  may  not  be  strictly  valid,  Bragg's  law  was  used  to 
estimate  the  change  in  interdomain  spacings  from  the  peak  positions 
of  the  scattering  curves.  Since  the  residual  strain  remaining  in 
the  stretclied  sample  was  less  than  20%,  changes  in  the  interdomain 
spacings  from  Bragg's  law  should  serve  as  an  apprc>x  Imat  e indication 
of  morpfiologi cal  changes  upon  deformation.  The  results  are  sum- 
m.,ari.<:ed  in  Table  2. 
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Table  2.  Positions  of  Observed  Small-Angle  Maxima  (X  ) 


Order  of 

Mode 

' of 

View 

Sample 

Condition 

Maximum 

1 '■ 

2 

3 

j Unstretched 

1 

366 

306 

309 

i 

2 

198 

148 

148 

SBS 

Stretched 

1 

342 

294 

- 

1 

443 

355 

355 

1 

Unstretched 

2 

207 

- 

- 

SBS/20%  PS  I 

Stretched 

1 

383 

369 

349 

2 

177 

- 

- 

There  is  a distinct  decrease  in  the  interdomain  spacings  with 
deformation  as  seen  from  the  scattering  curves  for  the  case  of 
the  incident  beam  normal  to  the  sample  surface.  The  changes  in 
the  interdomain  spacings  when  the  incident  beam  is  in  the  other 
two  directions  are  not  very  certain  because  the  scattering  profiles 
are  very  diffuse.  This  decrease  in  interdomain  spacings  in  con- 
junction with  the  more  diffuse  scattering  profiles  upon  deformation 
seems  to  indicate  that  the  polystyrene  domains  were  disrupted  into 
smaller  domains.  If  the  polystyrene  domains  maintained  their 
integrity  after  deformation,  one  would  not  have  expected  such  a 
pronounced  change  in  interdomain  spacings  where  less  than  20% 
residual  strain  remained.  This  conclusion  also  agrees  with  a 
recent  electron  micrograph  studies  of  a different  SBS  sample 
prepared  under  the  same  condition  (33). 

The  effect  of  annealing  the  stretched  sample  at  ambient  tem- 
perature is  shown  In  Fig.  7.  Curve  1 is  for  the  unstretched 
sample,  curve  2 for  the  sample  which  was  stretched  and  scanned 
Immediately  and  curve  3 for  the  stretched  sample  which  was  kept 
(unstretched)  at  ambient  temperature  for  4 days.  It  is  seen  that 
upon  annealing  the  scattering  curve  became  more  similar  to  that  of 
the  original  sample,  indicating  a partial  restoration  of  the  ori- 
ginal morphology.  This  reformation  of  the  original  morphology 
may  correspond  to  the  reported  healing  process  observed  in  the 
mechanical  properties  of  block  copolymers  and  polyblends  (10,18). 

Small  Angle  Light  Scattering  (S/\^S) 

The  Vy  (parallel  polarized)  and  (cross  polarized)  scatterin 
patterns  of  SBS  at  various  elongations  are  shown  in  Fig.  8.  The 
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Figure  7.  Scattering  profiles  for  a S13S/20%  PS  sample 
with  different  healing  history.  Curve  1, 
unstretched  sample.  Curve  2,  scanned 
immediately  after  stretching.  Curve  3,  four 
days  after  stretching. 

intensity  of  scattering  is  very  weak  compared  to  the 
scattering.  The  exposure  times  for  the  patterns  were  much 
longer  than  those  for  the  corresponding  scattering  patterns. 

In  Fig.  9 the  scattering  of  a blend  of  SBS  with  10%  PS  in  the 
necked  and  unnecked  regions  of  the  sample  after  elongation. 

The  unstretched  samples  of  the  pure  blocks  copolymer  and  its 
blends  have  no  detectable  Hy  scattering.  The  weak  Hy  scattering 
of  the  stretched  samples  may  be  attributed  to  form  birefringence 
and  orientational  birefringence  arising  from  the  extension  of 
polymer  chains,  especially  the  PB  chains.  As  discussed  earlier, 
the  form  birefringence  of  the  unstretched  samples  is  probably  very 
small  but  its  magnitude  will  Increase  as  the  samples  arc  extended. 

The  fact  that  Vy  scattering  is  much  stronger  than  lly  scattering, 
suggests  that  correlated  density  fluctuation  in  the  samples 
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Figure  8.  and  scattering  patterns  from  film  of  SBS  at 

various  elongation. 


dominate  the  scattering  (36).  For  the  unstretched  samples,  the 
scattering  pattern  is  almost  circular  for  SBS,  indicating  a random 
correlation  of  the  density  fluctuation;  whereas  for  the  blends,  the 
Vy  scattering  patterns  are  elliptical,  indicating  the  existence 
of  a regular  domain  arrangement  in  these  samples  (36,37).  This 
is  in  agreement  with  tlie  findings  from  previous  work  (11)  in  which 
the  transmission  electron  micrographs  showed  no  regularity  of 
domain  arrangement  in  SBS  while  in  the  blends  tliere  are  regions  of 
high  regularity  of  domain  arrangement. 


Stretching  gives  characteristic  changes  of  the  Vy  scattering 
patterns.  The  extent  of  changes  increases  with  increasing  amount 
of  PS  in  the  blend.  The  stretched  sample  of  SBS,  SPjS/PS  10  and 
SBS/PS  20  have  elliptical  scattering  patterns  with  different  fine 
details.  The  major  axis  of  tiie  ellipsoid  is  perpendicular  to  the 
stretciiing  direction.  Tlic  stretchc^d  sample  of  SBS/PS  30  has  a 
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UNNECKED  REGION 


NECKED  REGION 


Figure  9.  \\  scatLerlng  paMerns  from  specimen  fiJms  of  SBS/i’S  10, 

SBS/PS  20  and  SBS/PS  30  at  unstretclied  and  stretched 
state . 

dumbbell  scattering  patterns.  All  the  new  patterns  remain  in  tiie 
same  range  of  scattering  angles  as  those  for  the  unstrctched 
sample,  indicating  tliat  stretching  does  not  ciiangc  the  range  of 
correlation  (36,37)  at  tills  elongation. 

The  characteristic  change.s  of  scattering  upon  stretchln;; 
may  be  attributed  to  changes  In  the  correlation  of  density  fluc- 
tuation (36,37)  as  a result  of  nutrpliol og leal  changes  and  of  another 
density  fluctuation  arising  from  newly  formed  heterogeneities  due 
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to  stretching  (16).  It  has  been  observed  that  when  an  immersion 
fluid  was  applied  to  the  stretched  samples,  there  was  a decrease 
in  scattering  intensity  and,  for  SBS/PS  30,  a slight  change  in 
scattering  pattern.  Thus  these  newly  formed  heterogeneities  must 
be  correlated  to  the  voids  or  cracks  developed  in  the  styrene 
domains  upon  stretching  and  are  responsible  for  the  plastic-rubber 
transition. 


Scanning  Electron  Microscopy  (SEM) 

Scanning  electron  micrographs  of  the  fractural  surface  of  the 
unstretched  SBS  and  its  blends  with  various  amount  of  PS  are 
presented  in  Fig.  10,  and  the  SEM  of  the  stretched  samples  are 
shown  in  Fig.  11.  The  samples  were  fractured  at  liquid  nitrogen 
temperature  along  the  direction  normal  to  tlie  sample  surface. 

As  shown  in  Fig.  10,  the  SBS  does  not  show  macroscopic  pliase 
separation.  On  the  other  hand,  macroscopic  phase  separation 
occurs  in  all  the  blends  forming  a surface  layer  on  tlie  sample 
surface  and  inclusions  of  polystyrene  island  in  the  bulk.  The 
macroscopic  phase  separation  may  arise  because  the  added  homo- 
polystyrene has  molecular  weight  higher  than  that  of  the  corres- 
ponding blocks  in  the  block  copolymer  (35).  The  thickness  of  the 
surface  layer  is  not  certain  because  there  appears  to  be  a tran- 
sition between  the  surface  layer  and  the  hulk  of  the  material, 
especially  for  the  10%  blend.  Tlte  size  of  the  PS  islands  seems  to 
increase  with  increasing  homopolystyrene  content.  The  actual 
shapes  of  the  islands  are  not  certain.  It  was  suggested  from 
studies  of  transmission  electron  micrographs  of  these  sample  (11) 
that  these  Islands  were  rod-like. 

Upon  deformation,  as  shown  in  Fig.  11,  both  the  surface  layer 
and  the  inclusions  underwent  fracture.  It  is  obvious  that  the 
surface  layer  fractures  are  attributable  to  a continuous  PS  phase. 

It  is  seen  that  in  the  polystyrene  Island  fracture  occurred  across 
the  islands  in  the  direction  perpendicular  to  tlie  strain  rather 
than  on  the  boundaries.  This  seems  to  suggest  that  mixing  of  the 
homopolystyrene  and  the  polystyrene  component  in  the  block  co- 
polymer does  occur  in  these  islands,  thus  the  adhesive  force 
between  the  block  copolymer  matrix  and  the  islands  is  high  enough 
to  strain  the  polystyrene  Islands  beyond  their  fracture  point. 

It  appears  that  fracture  occurs  mostly  in  the  larger  islands, per- 
haps because  they  are  more  easily  strained.  On  the  other  hand, 
the  smaller  islands  can  simply  move  intact  when  the  sample  is 
deformed.  Another  possibility  is  that  the  larger  islands  arc  more 
likely  to  incorporate  Imperfections  which  are  easily  fractured. 

The  cracks  appearing  in  the  PS  islands  are  not  induced  during 
sample  fracture  in  liquid  nitrogen,  since  no  cracks  are  observable 
on  the  fracture  surface  of  the  PS  islands  in  the  unstretchetl  samples 


Figure  10.  Scanning  electron  micrographs  of  fracture  surface  of 
SBS  and  i 0%  blend  with  PS.  (The  samples  were 
unst retched . ) The  fracture  surfaces  are  parallel  to 
the  normal  to  the  sample  surface.  (a)  The  blends  all 
have  a layer  of  PS  on  the  sample  surface,  but  the  ST.S 
does  not  h.ave  it.  (b)  The  blends  have  inclusion  of 
polystyrene  islands  in  the  bulk  of  the  sample,  the 
SBS  shows  no  inclusion.  The  sizes  of  t lu-  polystyrene 
islands  increase  with  increasing  hoinopo  lyst  y rene 
content . 


Fig.  12  illustrates  this  point  with  the  30%  blend. 

Fig.  11  does  not  show  any  cracks  formed  in  the  reg.ious  outside 
the  PS  Isl.inds.  It  is  possible  that  the  cracks  formed  in  these 
regions  are  too  sm.all  to  be  resolved  by  the  Sl'M.  Since  I he.si' 
ie.lands  ari'  disper.sed  in  the  bulk  of  the  material,  tin.'  fracture  ul 


Figure  11.  Scanning  electron  micrographs  of  fracture  surface  of 
the  stretched  samples  of  blends  of  SBS  and  PS 
and  the  surface  layer  of  a stretched  SBS/30%  PS  sample. 

Cracks  arc  observed  mainly  in  the  larger  PS 
island.s.  (No  cracks  arc  seen  in  the  r.-gioiu;  outside 
the  PS  Islands.)  Fractures  occurred  in  tt\e  direction 
perpendicular  to  tlie  st  retelling. 


these  islands  cannot  account  for  the  observed  plastic-rubber 
transformation.  The  fracture  of  the  surface  layer  of  the  blends 
may  partially  account  for  the  yielding  of  these  samples.  However, 
as  sliown  by  the  previous  transmission  electron  microscopy  studies 
(11),  these  samples  have  an  interconnecting  network  of  the  PS  as 
well  as  PB  domains.  Thus  the  plastic-rubber  transformation  must 
eventually  involve  tlie  fracture  of  iuLcrconnectcd  [lol ysty renc 
domains  into  the  ones  which  are  dispersed  in  the  PK  matrix,  as 
manifested  by  the  results  presented  previously. 
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Fracture  surface  of  an  unstretcfied  iOZ  blend  indicating 
the  absence  of  cracks  in  the  PS  phase. 


Figure  12 
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